Abstract-This paper presents a single supply differential capacitive sensing technique suitable to be used with a hybrid energy harvester in providing power to the circuit. The proposed differential capacitive circuit is designed based on the available off-the-shelf components. Theoretical and experimental study has been carried out to observe the performance of the circuit for various excitation frequencies. Tests that were carried out include using excitation frequencies ranging with a 0.1 pF capacitance change. Results from 40 kHz up to 400 kHz show a high level of linearity up to a 0.999 R-squared value. Range of capacitance detection can be increased by controlling the feedback capacitor, Cf, and the filter components, Rd and Cd. The sensitivity range is from 0.004 to 0.122 mV per every fF change, with ± 5 % error. The circuit consumes 3.83 mW, with a 3.3 V supply voltage. This circuit is also suitable for a wireless sensing node application.
I. INTRODUCTION
The differential capacitive sensing technique has gained popularity [1] [2] [3] [4] over other methods due to its ease of implementation when using discrete components, its highly symmetrical in implementation, as well as high linearity in output voltage, with high resolution and sensitivity. Research in [1] has reported a differential capacitance to voltage converter (CVC) using dual sensing. The presented differential CVC is easy to implement using discrete components. Reference work has carried out an experiment using two sets of components that are of different versions and is able to operate the circuit up to 10 kHz working frequency [1] .
Reference [2] has employed the differential capacitance technique for its sensing structure with low power capacitance measurement using a TSMC 0.35 µm bulk CMOS process. It contains two current sensing amplifiers, two diode rectifiers, one instrumentation amplifier, and a single supply source. The circuit has demonstrated a high degree of linearity with an Rsquared value of 0.9982, and consumes 5.384 mW of power dissipation. The full custom designed CMOS process differential structure eliminates the even order distortion and is able to operate at an excitation frequency of 400 kHz with high sensitivity of 1.32 mV for a 1 fF level of capacitive change.
The works by [3, 4] also utilized the differential capacitive sensing circuit technique in applications. Both has demonstrated their simulation work using a PSpice software and through an experiment. Work [3] measured water content in the crude oil by placing one sensor in pure crude oil and another sensor in an oil-water mixture. The difference in measurement obtained from both sensors using the dielectric material capacitance principle define the percentage of water contamination in crude oil. The focus of the work is to convert the water detection in pure crude oil to a readable value. On the other hand, the work in [4] has utilized differential CVC for a structural health monitoring system. It detected movements from structural strain and vibrations which mainly occur due to a natural disaster. The wireless capacitive sensing system is hoped to prevent loss of lives by having an early warning system that alert authorities and the public of an incoming disaster.
Majority of reported works have focused on the differential CVC method and its subsequent applications. This work will discuss a possible method to generate a linear capacitive detection of output voltage at frequencies ranging from more than 40 kHz up to 400 kHz using discrete components. A single source supply, VS is used for the differential CVC by incorporating a hybrid energy harvester supplies as shown in Fig. 1 . A technique to correct the precision of detection is also highlighted at a frequency equal to and more than 200 kHz. 
A. Dependency Opamp Transfer Function to the Excitation
Frequency The differential CVC circuit design in Fig. 2 is first derived to check the dependency of the opamp transfer function on the excitation frequency. Due to its highly symmetrical structure, the derivation is focused only on one side of the CVC. The intended circuit derivation is to be used for a single supply sensor, at a sensing capacitance, C x . In this work, the designed circuit is expected to utilize a voltage sourced by the energy harvester which has the capacity to provide continuous supply of voltage, V s = 3.3 V. All amplifiers used in this work, function as a single supply source. The design begins with setting the range of frequency to pass the signal by deriving the transfer function of V out to V ext . Derivation without considering the V ref in the circuit makes the V out proportional to the changes in C x +∆C as seen in the following
where the ω is the excitation frequency corresponding to s. A voltage divider is also required for the circuit in order to set the output voltage at higher level for positive and negative variation of the differential output. 
where n is the multiplier of excitation input voltage, and V ext equal to (1-m)V ext or nV ext . The transfer functions at both output amplifiers, opamp A and opamp B are each given by (4) and (5) respectively.
Output from opamp A will carry a small signal from the sensor, with frequency, f sensor . The selection of R d and C d should satisfy the frequency range
C r is the reference capacitance and C f is the capacitor at the feedback of an amplifier. Both capacitance C r and C f are set at a nominal value, C x0 = 5 pF. Each output signal is then rectified using Schottky diode and filtered through a low pass RC filter. These filtered signals are derived as
V is the demodulated signal from the excitation voltage after rectification. V diode_A and V diode_B are both voltage drop diodes. In the rectifier circuit, the 1N5711 Schottky diodes of STMicroelectronics have been used with their minimum voltage drop value is equal to 0.41 V with 1 mA. Since the two diodes used in the circuit are the same types of diodes, the difference between the two diode voltages is very small, where the difference is due to the changes in C x (i.e.: the difference is ±0.1 pF). Realizing both potential difference of V filterA and V filterB will be very small at the output, it is appropriate to add instrumentation amplifier, inamp in the designed circuit. The output voltage, V out of this inamp is proportional to:
where 
Equation (9) has shown that the output voltage is directly proportional to the changes in the detection value, C x . The relevance of this equation is, when there is no capacitance changes in ΔC x , there is no movement at the sensor. Therefore, f sensor = 0 and both C r and C x are set at a nominal capacitance value, C x0 = 5 pF, the resulted output voltage will be V out = 0. The gain, G from the inamp needs to be within the limit and not exceeding the +V DD for the relevance output value, wherein otherwise it will go into saturation.
B. Components Selection and Specifications
The first parameter to be considered is the targeted range of detection. Reference [1] proves that their work was able to run the detection range in a nominal range of 12 pF using discrete components, while [2] have custom designed using TSMC 0.35 µm CMOS technology with detection range of nominal capacitance of 5 pF. It is important for this present work to design using discrete components that is able to generate wider detection range within low capacitance detection range. In other word, less than the nominal range as reported in [1] while maintaining the detection within the range of [2] using the discrete components.
The second consideration is the frequency range. Reference [1] has shown that their work could run up to at least 10 kHz of operation frequency while [2] reported a 400 kHz of operation frequency. It was possible for [2] to run at a frequency of 400 kHz due to the CMOS 0.35 µm technology used in their work. With discrete components however, it is quite difficult to run at a frequency of more than 100 kHz as it will affect the power consumption and sensitivity of the system. In order to meet the first two important criteria of having a higher working frequency and a lower capacitance detection using discrete components, it is important 1) to consider the bandpass frequency of the low pass filter at the demodulation diode rectifier circuit, by giving proper Cd and R d value in the designed circuit, and 2) to consider the cutoff and the corner frequency value of the working frequency, by setting the C f and R f value so that the working frequency is in the desired range, for optimal design.
For circuit construction, two operational amplifiers are used for the differential CVC and one for the voltage divider and the Wein-bridge oscillator. Note that, all operational amplifiers used in this circuit, are designed to be operated as a single supply voltage. The inamp is selected from Analog Devices, AD623 with an external resistor, R G = 100 kΩ is used to obtain gain, G = 2. The internal resistor of the inamp R 1 = R 2 = R 3 = 50 kΩ are obtained from the Analog Devices, AD623 datasheet. Both the feedback capacitor, C f and reference capacitor, C r are fixed at a nominal capacitor value, C x0 = 5 pF. The detection capacitor, C x is then adjusted at the nominal capacitor value, which is within the accepted linear range of 5 -15 pF to obtain the changes of capacitance to the output voltage. The value of rectifier resistor, R d and rectifier capacitor, C d are both set to 100 kΩ and 0.1 µF respectively.
C. Voltage Supply and Source Management
As for the energy harvester, an LTC3108 from Linear Technology is used since the target is to obtain a continuous 3.3 V supply for the differential CVC. This IC accepts energy from heat as low as 20 mV input energy from the surrounding, and a continuous supply of 3.3 V is generated from this IC. Since the intention is to combine at least two energy using a hybrid method, a second energy (i.e. from solar) is thus needed. An LTC3105 is selected, which has a feature of low and wide acceptable input voltage from heat and light in the range of 225 mV up to 5 V.
In order to reduce the number of sources, a voltage divider with a buffer is used to supply the reference voltage, V ref which Fig. 2 . The voltage divider method is chosen because it does not require a 'zero offset' calibration and it uses less power compared to other system, i.e: Wheatstone bridge circuit with the double power consumption, because it uses two sensors [5] . Figure 2 
. The reason of using this unity gain buffer is to control the potential difference and prevent any unwanted current from appearing across the pair resistors.
Another important block in this differential CVC, is the oscillator circuit (refer to Fig. 3 ). The purpose of using this is to supply sinusoidal waves to both the sensor capacitor, C x and the fixed capacitor, C r at the differential capacitance. Here, a Wein-bridge Oscillator is chosen due features of 1) easy losses compensation using the control gain method at the feedback loop of the inverting input amplifier to sustain the oscillations, 2) only few components are used, one opamp amplifier, four resistors and two capacitors, and 3) it is able to generate up to < 1 MHz frequency range. Figure 3 is the single supply Wein oscillator with a voltage shifter and a potential divider for amplitude supply setting.
In any oscillator circuit, the generated oscillation waves tend to attenuate across time, and the overall phase is shifted due to the components used. For these reasons, amplitude losses need to be compensated and the overall phase shift must be maintained at 0. According to [6] , in order to use a Weinbridge oscillator circuit, two conditions must be met; 1) it must follow the Barkhausen criteria, where the gain must be unity or higher in order to sustain the oscillations, by amplifying the device to compensate losses end, and 2) the overall phase-shift from input to output and back, is zero. To set the frequency,
should be followed, where
The gain can be set by setting the R f to be at least double of R g or more, If the generated sinusoidal wave attenuates, the gain should be increased to overcome the problem.
III. RESULTS AND DISCUSSION
The test is carried under defined test conditions. First, when the supply voltage is at the minimum value of 3 V and at the maximum value of 3.3 V. A minimum of 3 V is chosen as the energy harvester should supply a continuous 3.3 V, but certain conditions may occur where less than 3.3 V is supplied. Therefore, it is decided that the range of capacitance detection at below than 3.3 V, the power dissipation and sensitivity of the system should be examined. List of components used for the following simulations was listed in the previous section, unless stated otherwise.
A. Effect of Minimum Supply Voltage
In the first V s = 3 V test, the following components are selected, R f = 10 MΩ, R d = 100 kΩ, C d = 0.1 µF, and the instrumentation amplifier external resistor, R g = 100 kΩ. Both feedback capacitor, C f and reference capacitance, C r are fixed at a nominal capacitance value of 5 pF. The capacitance detection, C x is varied from 3 to 15 pF. This is to examine the acceptable linear range of capacitance changes to the output voltage. An excitation supply signal of 400 mV is supplied to the common differential terminal to check for low excitation frequency of 40 kHz. The simulation result in [7] shows that the output voltage for different capacitance value from 4 pF to 12.5 pF.
The simulation results on capacitance sensing circuit using 3 V signal supply confirmed that the proposed circuit is able to detect capacitance changes ranging from 4 to 12.5 pF. The output voltage is proportional to the change in the capacitance sensing Cx in pF range. The detected voltage is from 1.4 to 2.5 V using 400 mV excitation sources at 40 kHz frequency. Increasing the value of C x , will result an increase in the value of the output voltage.
For results validation, the test also ran a higher frequency range test with V s = 3 V, using five different sets of frequencies; 40 kHz, 100 kHz, 200 kHz, 300 kHz and 400 kHz as tested in Table I . Other components are maintained at the same values of C f = 5 pF, R f = 10 MΩ, C r = 5 pF, C x = 3-15 pF, and tested using R d = 100 kΩ and C d = 0.1 µF.
It is observed that for lower frequencies, i.e: 40 kHz and 100 kHz, the detection range is wider when compared to high frequency range of more than 200 kHz. This is due to the parasitic device capacitances exhibit at higher frequencies. The present results also show that the circuit consumed 3.58 mW of power consumption with a high level of linearity against Rsquared value range of more than 0.999. Similar linear results are also valid for other nominal capacitance values (e.g. at 1 pF).
B. Effect of Maximum Supply Voltage
The same set of test is repeated for V s = 3.3 V as seen in Table II , using five frequencies; 40 kHz, 100 kHz, 200 kHz, 300 kHz and 400 kHz. Note that, a power supply of V s = 3.3 V is used due to the power supply design is to receive input from the external energy harvester at this range. From Table I and II, simulation results show an almost similar detection range for V s = 3 V and 3.3 V. Changing the supply voltage will only result in more power dissipation when using higher V s . Output voltage range is expected to shift to a lower voltage level when using the 3 V supply, as it was controlled by the V ref value, derived from half of the supply voltage V s . Therefore, it could be observed here that the voltage level starts at 1.65 V when using a supply voltage of 3.3 V and the output start at 1.5 V when using a 3 V supply. It is also expected that when the detection range is less than the nominal capacitance, C x0 = 5 pF, the output voltage range will start at less than V ref value. The output voltage will increase as the detection range is more than the nominal value.
C. Sensitivity of the Differential Capacitive Sensor Circuit
Sensitivity is defined by the change of the output voltage to the change of the capacitance detection as shown in (9) ( )
Based on earlier results of V s = 3 V and 3.3 V, the same trend of sensitivity is observed in both results, where high frequency results in low linearity. The sensitivity versus the excitation frequency is shown in Fig. 4 . It shows that as frequency increases, sensitivity is decreased. It is predicted that when the speed is fast, then the system will become less sensitive. To overcome this problem, the range of capacitance detection is reduced so that higher sensitivity is achieved. For example, using the components and method used for the 3 V supply voltage, a lower detection range of 9.8 pF to 10.4 pF range with 1.478 -1.57 V voltage detection as shown in [8] was chosen. Sensitivity have increased to 0.167 mV/fF by using this method compared to the previous sensitivity result of 0.132 mV/fF. This method is able to achieve high linearity while sacrificing the capacitance detection range. Comparison of previous literature is seen in Table III [7, 8] . Table III , it could be concluded that the sensitivity of the differential CVC system could be increased by reducing the detection range. Notice that the present test is conducted using a low frequency of 40 kHz at 400 mV. This is because it is more stable to run the test using a low frequency of less than 200 kHz with the current selected components. The next subsection will demonstrate how the system behaves at a higher frequency of more than 200 kHz using discrete components and how to obtain a low capacitance change, ΔC x .
D. Design of Low Pass Filter Bandwidth
The linearity graph across frequencies obtained using R f = 10 MΩ, R d = 100 kΩ and C d = 0.1 µF, has shown that there is a wider detection range and higher sensitivity when the frequency f ext ≤ 100 kHz as shown in Fig. 5(a) . However, when frequency is higher than 100 kHz, less points of detection is observed and the sensitivity becomes lower. In theory, the f -3dB should be lower than the cutoff frequency (f c = 3.18 kHz). In this case, the condition is satisfied when R d = 100 kΩ and C d = 0.1 µF the f -3dB = 15.9 Hz. Improvement on the numbers of detection points across a certain capacitance range could be increased by increasing the bandwidth of the low pass filter. This is done by decreasing the R d value and the C d value of the components. Fig. 5(b) shows the simulation results using lower R d and C d , of 10 kΩ and 0.01 µF respectively, with R f = 10 MΩ.
In this case, the cutoff frequency, f -3dB = 1.59 kHz, has satisfied the condition of being lower than the cutoff frequency f c = 3.183 kHz. The same pattern can be observed wherein when the frequency is increased, the capacitance detection is minimized. Comparing Fig. 5(a) and Fig. 5(b) , it can be seen in Fig. 5(b) that the differential CVC output voltage is improved, as more points are detected across a wider capacitance range, using the same capacitance change, ΔC x = 0.5 pF. This method is suitable when a high frequency operation is targeted over sensitivity, as low sensitivity will be observed at high frequency. The following Table IV lists E. Improvement in the Change of Capacitance Detection, ΔC x Improvement can be made to the capacitance change, ΔC x , so that a wider capacitance range is detected with a small change in detection at high frequency. This could be done by using the R f selection method. The reason for this is due to the diode current value remains stable at higher frequency (i.e: 200 kHz, 300 kHz and 400 kHz) regardless of the R f value changed when R d = 10 kΩ and C d = 0.01 µF. The same principle is applied to other components value of higher frequency, such as when using R d = 10 kΩ and C d = 0.1 µF. R f was selected to overcome the sensitivity problems where in Fig. 5(c) R f = 300 kΩ at f ext = 400 kHz. These values must satisfy the condition > f -3dB range. In this case the frequency is 106 kHz, when f -3dB = 159.13 Hz.
By reducing the value of the feedback resistor R f , at a high frequency, a higher sensitivity of the capacitive change of detection is achieved. Table V summarises the results when f ext = 200 kHz, 300 kHz, and 400 kHz are improved. Notice that the sensitivity of the system has increased compared to Table  IV. Finally comparison of both simulation and experimental data are shown in the Fig. 6 . Both simulation and experiment are done at excitation frequency, f ext of 200 kHz. The experiment data show less than 5 % error when compared to simulation. The error mainly come from parasitic capacitance and resistance of the built circuit. Other error, may come from the internal device capacitor which is beyond the control affecting the simulation results. Notice that the changes of capacitance in experimental work are bigger than those in simulation, which is at ΔC x = 1 pF due to unavailability of capacitors at 0.5 pF and 0.1 pF value for discrete components. Therefore, the test is only done using ΔC x = 1 pF. The proposed circuit consume less amount of power, thus suitable to use energy harvester as a source provider for the circuit. The circuit may be used for wireless capacitive sensing node applications.
IV. CONCLUSION
This paper has presented a differential CVC using a single supply hybrid energy source. Methods such as using a Weinbridge oscillator and a voltage divider network are employed and discussed. The selection of components has played a big role in producing a stable circuit with high sensitivity at a high frequency. Improvements in the number of detection points across certain capacitance range could be increased by increasing the bandwidth of the low pass filter and reducing the value of C f , R d , and C d . At high frequency, R f is reduced to obtain accuracy and high sensitivity.
